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A vibration magnetometer was used to measure the magnetization curves of pure (o ,,/p ,,, = 840) niobium. 
It is shown that absolutely pure niobium is a type-I1 superconductor with x,-0.7464.738. The temperature 
dependence of the equilibrium induction B ,  and the value of the first critical field H,, agree with the 
theoretical values, and the parameters x ,  and x ,  increase much more strongly than predicted by the theory 
when the temperature is lowered from T,. 

PACS numbers: 74.70.Lp, 74.30.Ci 

1. INTRODUCTION first-order transitions, this  method does not always 
yield the equilibrium magnetization curve. In addition, 

As shown in a number of theoretical and experimental 
the integrating method i s  found to  be not sensitive 

studies,'-' a first-order phase transition takes place enough in the immediate vicinity of T,. 
from the Meissner state into the mixed state with equi- 
librium induction Bo takes place in pure (electron mean 
f ree  path 1 much larger  than the coherence length to) 
type-I1 superconductors with small  values of the Ginz- 
burg-Landau parameter no, in magnetic field values 
equal to the first critical H,,. The presence of a finite 
induction Bo i s  the result of the presence in the free en- 
ergy of a mixed t e rm corresponding to  the "condensa- 
tion energy.03 This t e rm ensures attraction of the 
fluxoids in the nonlocal approximation at small  ito. In 
addition, at temperatures not too close to  T, the pres- 
ence of oscillations in the coordinate dependence of the 
magnetic field of an individual fluxoid may come into 
play4 and lead to a nonmonotonic dependence of the 
fluxoid interaction energy on the distance between them. 

A theoretical calculation of the temperature depend- 
ence of the initial induction Bo (Ref. 5) shows that at ;co 

2. 2-'I2 the ratio B ~ / H , ~  has a maximum at t =TI T,- 0.7 
and decreases to zero  in a narrow temperature range 
near t = I ;  this agrees with the results  of the Ginzburg- 
Landau theory, which i s  valid when t - 1. At ito = z - ' ' ~  
the rat io B,/H,, increases with tenlperature and at f = 1  
we have Bo = H,,. 

One of the small- ito superconductors most thoroughly 
investigated experimentally i s  niobium. At tempera- 
tures not too close to T,, many workers have deter- 
mined its properties reliably enough (see the literature 
cited in Refs. 6 and 7) and have demonstrated that a 
f irst-order phase transition takes place in H,,. Near 
T,, however, the situation with niobium is contradic- 
tory. What remains in fact unanswered i s  whether 
the basic parameter no  is  larger o r  smaller  than 2-'I2, 
i.e., it i s  not c lear  whether niobiurll i s  a type-I o r  type- 
I1 superconductor. It was found in Ref. 6 that sufficiently 
pure (p,ooK/p,, 3 3000) niobium has no < 2-'I2, but de- 
termination of Bo from the magnetization curvesT shows 
no increase of B ~ H , ,  a s  t - 1, but a tendency of this 
quantity to decrease. 

In practically al l  the reported measurements of the 
magnetization curves of niobium they used an integrat- 
ing methodG7 which calls  for a rather fast sweep of the 
magnetic field to increase the signal/noise ratio. In the 
presence of dynamic effects that frequently accompany 

To  determine the magnetic properties of niobium near 
T,, we have measured the magnetization curves of suf- 
ficiently pure ( l / tO= 100) material with a vibration mag- 
netometer whose sensitivity is high enough8 and does not 
depend on the field sweep rate. 

2. MEASUREMENT PROCEDURE AND REDUCTION 
OF THE EXPERIMENTAL DATA 

The magnetization curves were plotted with a vibra- 
tion magnetometer having provisions for changing and 
stabilizing the temperature. The sample was located at 
the center of a superconducting solenoid compensated 
up to sixth order.  The temperature sensor was an Al- 
len-Bradley res is tor  calibrated at three points-the 
boiling temperature of liquid helium and the supercon- 
ducting transition points of high-purity lead and niobi- 
um. The temperature stability in the measurements 
was 0.005 ~ / h .  

The single crystal  was obtained by electron-beam 
crucibleless zone melting in a vacuum of 2 ~ 1 0 - ~  Tor r  
(two forming passes at 5 mm/min and on growth pass 
at 1 mm/min). A sphere of 9.5 mm diameter was cut 
out of the single-crystal rod with a lathe. After polish- 
ing with fine abrasive pastes and bright-dipping in a 
mixture of equal parts  of HN03 and HF, the final sphere 
diameter was 8.9 mm, and the deviation for sphericity 
did not exceed i O . l  mm. The sample was annealed in a 
vacuunl of 1 x 10" Tor r  at a temperature 2570 K for 
five hours. The sample resistivity rat io measured af- 
t e r  plotting all the magnetization curves was P ~ ~ ~ K / P ~ ~ K  - 840. An estimate of the quantity [0/(1), which char- 
acterizes the purity of the investigated sample, was 
based on the formula 

obtained from t h e  known9 expressions for (1) and to. It 
was assumed that T, =9.25 K, y = ' i ' . ~ x l ~ b r g / c m ~ . ~ ~ ,  
and p,, = 1 .67~10- '  a - c m  =piOK. 

The electron velocity averaged over the Fermi  sur- 
face was estimated from the relation (see,  e.g., Ref. 6) 
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FIG. 2. Temperature 
dependences of the 
critical fields. 

FIG. 1. Magnetization curves of niobium: 1) T =4.2 K, dashed 
line-after high-vacuum annealing, solid-after oxidation. 
The section near Hc2 is plotted with tenfold magnification. 
b) Near T,: I-t =0.997; 11-t =0.993. The absolute values of 
the magnetic field were not measured. 

In our case (d~,,/dt),,, =4340 Oe and [do)- 1.4x 
<< 1, i.e., a s  regards i t s  superconducting properties 
the sample employed should be considered to be at the 
purity limit. 

Immediately after annealing, without breaking the 
vacuum, the sample was cooled to T =  95 K and was 
mounted cooled in the magnetometer. The sample mag- 
netization curves without heating and after subsequent 
heating to room temperature did not differ from one an- 
other and revealed appreciable hysteresis near H, (Fig. 
la). We note that the magnetization curves have linear 
sections in both increasing and decreasing fields, but 
the magnetization factor determined from the averaged 
values of M(H) in this region is undervalued. 

To remove the surface ba r r i e r  and obtain a more re- 
versible magnetization curve we use the standard pro- 
cedure: the sample was heated at 670 K for five min- 
utes in an oxygen atmosphere. The resultant magnet- 
ization curve i s  also shown in Fig. la.  The irreversi-  
bility of the curve was indeed reduced. The demagnet- 
ization factor determined from the ratio of the slopes 
of the linear sections of the magnetization curve (in the 
field ranges 0- H, and H, - Hz i s  n = 0.336, in good 
agreement with i ts  value n = 0.333 for a sphere. 

The magnetization curves were plotted at 4.2 K c  T 
c T,. Examples, a s  T - T,, a r e  shown in Fig. Ib. The 
higher noise leyel at H > HC1(1 - n) is due to the temper- 
ature instability, and this limits the maximum meas- 
urement temperatures. 

It should be noted that at high field sweep ra tes  a dy- 
namic hysteresis se t s  in, and the magnetic moment of 
the sample differs from the stationary value. There 
a r e  no dynamic effects at al l  at a sweep rate ~ ; ; d ~ / d . r  

2-3 h-'. Accordingly, it took a half-hour to plot each 
magnetization curve. 

The magnetization curves were used to determine 
Hc2, Hcl, Hem, ~M'/~H~H.H,, ,  Hz, and M'@). The field 
H,, was determined from the intersection of the linear 
section of the descending part of M'(H) and the straight 
line for the Meissner state (Fig. la):  H,, =H~/(I  -n).  

To reduce the measurement data we used the connec- 
tion between the magnetization curves of a supercon- 

ducting ellipsoid and of a long cylinder, obtained in 
Ref. 10: the distance between the points corresponding 
to  identical values of the magnetic moment on the r is -  
ing sections of the magnetization curves of a long cyl- 
inder and an ellipsoid is equal t o  the distance between 
the points at the same value of the moment on the de- 
scending sections. 

With allowance for this conclusion we obtain for the 
field H, 

It follows from the same relation that 

d.U d,V'idH -- 
dH l -4xndAf  YdH ' (4 

where A1 i s  the magnetic molllent of the long cylinder, 
hI1 that of an ellipsoid with a demagnetization factor n; 
for the parameter X ,  we have 

As usual, 
- 

z , = l I c > ' ~ 2  11, ",. 

We have assunled /3 = 1.1596, which corresponds to a 
triangular vortex lattice. 

3. RESULTS AND DISCUSSION 

The temperature dependences of the cri t ical  fields 
a r e  shown in Fig. 2. The results  agree well-with the 
known measurements of these parameters.' ' In the 
immediate vicinity of T,, the critical fields have a lin- 
e a r  temperature dependence (Fig. 31, and ~ , d r l , , / d ~  

FIG. 3. Critical fields of niobium near T,. 
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FIG. 4. Temperature de- 
pendences of xi and n2 of 
niobium. 

The  tempera ture  dependences of the parameters  xi  
and x ,  a s  t- 1 (x;'dx,/dt  =-1.28, x,"dx,/dt = -2.99) 
a r e  close t o  those obtained experimentally by others,'" 
and differ great ly f rom the theoret ical  values obtained 
in the spherical- Fermi-  surface approximation, name- 
ly x;'dn,/dt =-0.41 in Refs. 15 and 16 and xiidnz/dt 
= -0.91. An es t imate  of niidn2/dt  was obtained by av- 
eraging the values of n2 calculated by means of Eq. (5) 
f rom the  magnetization curves  calculated fo r  xo=0.7 
and xo = 0.8 in Ref. 17. 

= -4064 Oe, which is practically the s ame  a s  the result  
T , ~ H , / ~ T  =-3986 Oe of Ref. 11. Near T ,  the field H,, 
i s  a l so  linear in the tempera ture  and H,, /H,  =0.96 
* 0.02. 

The temperature dependences of the pa rame te r s  n ,  
and n,  a r e  shown in Fig. 4. Near  T ,  we have 

x , = ( i . i . i $ i  0.9i( f -1)  +0.00/,, (7 )  
x.=O.i.-~ti-  ti( 1 - 1 )  =k0.00$. (8 )  

Niobium with a resistivity ra t io  P ~ ~ ~ K / ~ ~ ~  =a40 is 
thus a s  T - T ,  a type-I1 superconductor with xo =0.755. 
The  same  result  i s  deduced f rom the form of the mag- 
netization cu rves  a s  T- T ,  (see  Fig. l b ) .  Despite the 
near-linear plot of hl1(H) at  H > H C , ( 1  - n ) ,  i t s  slope 
differs  substantially from that corresponding to  a type- 
I superconductor (dashed line in Fig. lb) .  The ra t io  
H,, /H, ,  was calculated within the framework of the 
Ginzburg-Landau theory in Refs. 12 and 13. F o r  no 
= 0.755 we find f rom Ref. 12 that H, , /H ,  =0.962, while 
the resul t s  of Ref. 13 give H , , / H ,  =0.964, agreeing 
within the l imits  of e r r o r  with the  value obtained in the 
present paper. 

Starting from the value xo = 0.755 i 0.004 and f rom the 
resist ivi ty pro,= 1.67X lo-' n - c m  of our sample at  the 
nleasurement tempera tures ,  we can est imate the val- 
ues  of no for  ideally pure (p,, ,  = 0 )  niobium. We use fo r  
th is  purpose the known relation 

x, ,=x , ,  ,,"re+..l,>y"~, (9 )  

where y = 7.2 X 10 e r g / c n ~ ~ * ~ ~  is the coefficient of the 
electronic part  of the heat capacity and p is the r e s i s t -  
ivity. F o r  a spherical  F e r m i  surface A = 7.5x 10" Ex- 
periment yielded fo r  niobium A = 8.1 X l o3 ,  (8.0 t o  12.2) 
X l o 3 ,  and 10.5X lo3  in Refs. 14, 2 ,  and 6 ,  respective- 
ly. 

WithA in the range f rom 7 . 5 ~  lo3  t o  12.2x103 we ob- 
tain xOplP0 = 0.741 - 0.738, i.e., a t  T - T ,  absolutely 
pure  niobium i s  a type-II superconductor, a t  variance 
with the result  of Ref. 6 .  This  difference i s  apparently 
attributable to the influence of the dynamic effects a t  
the insufficiently slow field sweep in Ref. 6 .  

T h e  equilibrium induction Bo was determined f rom 
Eq. ( 3 ) ,  where Hz and M'(H2) correspond to  a point on 
the  magnetization curve a t  which the dependence of the 
magnetic moment on the field deviates f rom the linear 
relation M' = ( H -  Hc i ) /4m.  The temperature depend- 
ence of B ~ H ~ ,  is shown in Fig. 5.  The dashed line 
shows the values of B&,,, at  no=0.85,  determined 
f rom the resul t s  of the theoretical calculation (see 
Fig. 2 of Ref. 5 )  under the assumption that the temper-  
a ture  dependence of x l ( t ) /xO at  no = 0.85 coincides with 
the  one measured in the present  study. We note that 
t he  data obtained in Ref. 7 for  Bo in the region t < 0.9 
ag ree  well with our  results. The decrease  of B ~ H , ,  
observed above t  =0.9 corre la tes  with the  theoretical 
conclusion that the equilibrium induction vanishes a s  t - 1 in the c a s e  of superconductors with no > 2-'12. Un- 
fortunately, the residual  i rreversibi l i ty of the magnet- 
ization cu rve  nea r  Hcl(l - n )  does not permit  an  exact 
measurement of the tempera ture  a t  which Bo vanishes. 
The  H C l ( t )  dependence (Fig. 3)  has  likewise no singu- 
l a r i t i e s  whatever in the region where Bo vanishes. 

We a r r ive  thus at  the conclusion that a t  t -  1 and n, 
= x2 the value of H,,/H,,  corresponds to  that calculated 
within the framework of the Ginzburg- Landau theory 
fo r  our value of no. The temperature dependences of 
x l ( t )  and n2(t)  a r e  much more  strongly pronounced then 
expected f rom the theoret ical  calculations. It s eems  
that  the discrepancy i s  due t o  the fai lure t o  take into 
account in the theory the r e a l  effects of the anisotropy 
of electron and phonon spectra.  The  temperature de- 
pendence of the equilibrium induction Bo ag rees  with 
the calculated value obtained for  no > z"'~ .  Absolutely 

FIG. 5. Temperature dependence of the equilibrium induction 
B o. Solid line-experiment, dashed-calculation. The light 
circle mean that the values of B d H , ,  cannot be measured 
because of the residual irreversibility of the magnetization 
curve near H, (a - I), but do not exceed the values shown in 
the plot. 

501 Sov. Phys. JETP 55(3), March 1982 V. A. Marchenko and G.  I. Sal'nikov 501 



pure niobium is a type-II superconductor at all temper- 
atures T s TT,, with a parameter no in the range 0.744- 
0.738. 
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